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ABSTRACT
We study an idealized 1D model for the evolution of hot gas in dark matter halos
for redshifts z = [0, 6]. We introduce a numerical setup incorporating cosmological
accretion of gas, along with the growth of the halo, based on the Van den Bosch model
for the average growth of halos as a function of cosmic time. We evolve one-dimensional
Lagrangian shells with radiative cooling of the gas and heating due to feedback from
the gas cooling and moving in toward the center. A simple Bondi accretion model on
to a central black hole is used to include feedback heating. The setup captures some of
the key characteristics of spherically symmetric accretion onto the halos: formation of
virial shocks slightly outside r200 and long-term thermal balance in the form of cooling
and heating cycles. The gas density outside our initial halos at z = 6 is constrained by
requiring that the baryon fraction within the virial radius for non-radiative evolution
be equal to the universal value at almost all times. The total mass in the cold phase
(taken to be ∼ 104 K) within 40 kpc is tracked as a function of the halo mass and
redshift. We compare the evolution of the cold gas mass to the observed stellar-mass
versus halo mass relations, following which, we can constrain the feedback energy
required for different halo masses and redshifts. We also compare and match the hot
gas density and temperature profiles for our most massive halo to those of clusters
observed upto redshift 2. Our model is thus an improvement over the semi-analytic
models in which isothermal condition and ρ ∝ r−2 are assumed.
Key words: galaxies: halos – galaxies: cooling flows – methods: numerical.
1 INTRODUCTION
Galaxy formation is known to be an outcome of gravita-
tional processes (clustering) and gas-dynamical effects act-
ing together. The success of N-body simulations lies in their
ability to predict the detailed clustering properties of galax-
ies from initial conditions set by the ΛCDM cosmological
model (Frenk et al. 1985, Davis et al. 1985, Colberg et al.
2000). However, radiative cooling and dissipation become
important when attempting to predict the detailed physical
properties of galaxies, such as their stellar masses and star
formation rates. Semi-analytic models with radiative cool-
ing, star formation and quenching by AGN and supernova
feedback, provide a simple description of the relevant gas
physics, but are unable to track the spatial distribution of
the gas in any detail (Springel et al. 2005, Croton et al.
2006).
The advent of cosmological hydrodynamic simulations
(Hernquist & Katz 1989, Springel 2000, Springel, Yoshida
& White 2001, Murali et al. 2002, Vogelsberger et al. 2014)
provided better means to treat gas dynamics more self-
consistently. However, current simulations are very expen-
sive or do not have the sufficient mass resolution to study
the small scale physics in detail in very large cosmological
volumes (Pillepich et al. 2018, Tremmel et al. 2017). In ad-
dition, “sub-grid” models are used for studying small-scale,
unresolved physical processes like star formation and feed-
back (Kay et al. 2002, Di Matteo, Springel & Hernquist 2005,
Puchwein, Sijacki & Springel 2008, Crain et al. 2015). Three
dimensional hydrodynamic simulations have been able to
track the spatial distribution of gas with reasonable accu-
racy, but it is challenging to study the role of different sub-
grid recipes in a controlled way. Compared to these, one-
dimensional hydrodynamic models are computationally less
expensive and often provide valuable insight into the physics
of gas and its radial distribution, while retaining simplicity.
It is easy to generalize these to more realistic 2D/3D simula-
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tions and perform controlled parameter survey to elucidate
the physical inputs that are necessary to match different
aspects of the observational data.
In the standard picture of spherical infall of gas (Gunn
& Gott 1972, Bertschinger 1985) into the dark matter ha-
los, the accreting IGM is heated to the halo virial tempera-
ture behind an expanding virial shock. The gas is first sup-
ported by pressure in quasi-hydrostatic equilibrium. It cools
radiatively, gradually contracting and forming a cold disk in
which star formation happens (Fall & Efstathiou 1980, Mo,
Mao & White 1998). One-dimensional Lagrangian models
of gas in dark matter halos, incorporating this standard pic-
ture, have been around for a long time. One of the earliest
papers (Thomas 1988) studies multiphase gas in the intra-
cluster medium with balance of cooling and inflow. However,
only gas is evolved in this model and not dark matter.
Thoul & Weinberg (1995) introduced a spherical col-
lapse of two-fluid system including gas (radiatively cooling)
and dark matter. In our model, we use a numerical scheme
similar to Thoul & Weinberg (1995) but with different treat-
ment of gravity due to dark matter, radiative cooling and
heating that is expected from supernovae/AGNs. This com-
bined model of cosmological growth of halos and realistic
energetics of gas has not been carried out before in a sim-
ple, Lagrangian set-up. The first treatment of gravity as a
gradually deepening potential well, that we use in our model,
was presented in Perrenod (1978). Knight & Ponman (1997)
later added radiative cooling and concluded that in low-mass
halos the baryon content is overpredicted in such a model.
Thus the idea of a central source of heating became indis-
pensable.
Through a simple spherical 1D model which incorpo-
rates dark matter and gas, Birnboim & Dekel 2003 (see also
White & Frenk 1991) showed that the virial shock in smaller
halos (. 1012 M), is not stable and in such cases gas is not
heated to the virial temperature due to efficient radiative
cooling and directly falls to the halo center (this is known as
cold-mode accretion).1 In 3-D cosmological simulations the
cold mode appears in the form of a number of cold streams
feeding the central galaxy (Keresˇ et al. 2005, Dekel et al.
2009, Keresˇ et al. 2009; but also see Nelson et al. 2013);
however, cold streams cannot be captured by a 1D model
such as ours. The virial shock is very stable at cluster scales
and the hot gas is close to hydrostatic equilibrium (Oppen-
heimer 2018), except in the central parts where the cooling
time is usually shorter. The gas that cools out within the
central region of the massive halos, is considered to be the
only source of fuel for star formation.
In order to quantify stellar content in halos, the relation
between the stellar mass of the central galaxy and the host
halo mass has been parameterized extensively for a wide
range of halos. The mass function of dark matter halos, cal-
ibrated from large-scale simulations, is combined with the
observed number density of galaxies as a function of their
stellar mass using a technique called statistical abundance
matching (Moster et al. 2010, Munshi et al. 2013). We ad-
1 Even low mass halos may have hot gas because of feedback and
mergers (e.g., see Sokolowska et al. 2017). Earlier works on cold
mode only considered radiative cooling and ignored heating due
to mechanical feedback.
just our very simple feedback model parameters to match
the average stellar mass and halo mass relation. While big-
ger halos have higher stellar mass, the ones hosting more
massive black holes are observed to have smaller star for-
mation rates on average (Mart´ın-Navarro et al. 2018). But
this only indirectly suggests that energy feedback from black
hole may regulate cooling in large gaseous halos. The clear-
est evidence of black hole feedback comes from observations
of synchrotron-emitting radio lobes that are co-spatial with
the X-ray cavities found in galaxy clusters. The work done to
inflate such huge bubbles, comparable to the energy required
to prevent cooling flows (Fabian 1994, Cavagnolo et al. 2011)
in clusters, can only come from accretion onto supermassive
black holes.
Earlier detailed observations of gaseous halos study
clusters and groups in X-rays at low redshifts. The radial
profiles of density, temperature and entropy have been ex-
tensively studied for low-redshift (z = 0.05 − 0.2) clus-
ters (Vikhlinin et al. 2005, Pointecouteau, Arnaud & Pratt
2005,Vikhlinin et al. 2006, Kotov & Vikhlinin 2006, Cav-
agnolo et al. 2009). Quenching of the cooling of hot gas, has
been seen in the observations of cavities that put important
constraints on AGN outburst energy and mean jet power
(Bˆırzan et al. 2004, Cavagnolo et al. 2011, Boehringer et al.
1993, Fabian et al. 2003, McNamara et al. 2000). Recently
the redshift evolution of galaxy clusters is traced for SZ se-
lected clusters using the X-ray data (Marriage et al. 2011,
McDonald et al. 2014, McDonald et al. 2013, Nurgaliev et al.
2017, McDonald et al. 2017). It hints at the invariant cool-
ing properties and X-ray morphology of clusters till z ≈ 2.
We present comparisons of the radial gas density profiles of
such SZ selected halos with that of the cluster in our model.
Current observations also study the radial profiles of baryon
fraction in clusters and groups by tracking the free electrons
using kinetic SZ effect (e.g Schaan et al. 2016) and may
provide constraints on the simulations.
In this paper, we propose a very simple yet useful 1-D
model for the evolution of the gas in smoothly growing, iso-
lated dark matter halos with only a few adjustable param-
eters. The model is tuned to match the observed relation
between stellar mass and halo mass. We disregard direct ef-
fects of mergers as well as processes affecting satellite galax-
ies, such as ram pressure stripping and strangulation. While
this is a limitation, this allows us to focus on the interplay
of smooth build-up of the halo and feedback heating and
cooling. From our models, we get the following important
perspectives on the state of baryons within the halos: (1)
the radial profiles of gas density and temperature in mas-
sive clusters, (2) total feedback energy required to regulate
cooling and heating in halos of different masses (3) how the
baryon fraction evolves when we constrain the global en-
ergetics using the relation of stellar mass and halo mass.
This model can be useful to modify the semi-analytic mod-
els of galaxy formation that do not follow gas-dynamical
processes in detail. This model may also provide an useful
middle-ground between the idealized simulations of isolated
clusters, groups and smaller halos (Fielding et al. 2017) that
do not evolve the halo with redshift and the cosmological
hydrodynamic simulations. The latter, besides being expen-
sive, often lack sufficient resolution to study the diffuse gas
(ICM/CGM) away from the center in an individual halo.
Hence future extension of our model to 2D/3D will be rel-
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evant for quantifying the content of multiphase gas in the
outskirts of the halos, which will be particularly interesting
with respect to the COS-HST survey (Tumlinson, Peeples
& Werk 2017).
The paper is organized as follows. In section 2 we de-
scribe the set-up for our numerical experiments including
the initial conditions, in section 3 we present all our results
for four different halos with a wide range of masses exclud-
ing and including radiative cooling and feedback and finally
in section 4 we discuss the implications of our results and
caveats in detail.
2 PHYSICAL SET-UP
In this paper we evolve four halos namely M200,z=0 =
5× 1014M(M14), 5× 1013M(M13), 5× 1012M(M12), 5×
1011M(M11) from z = 6 to z = 0. The dark matter halo
does not evolve dynamically. We use a parametric form for
dark matter density profile and vary the parameters as func-
tions of time/redshift. The gas, however, is evolved hydro-
dynamically. At all times the halos have an inner radius at
rmin = 1 kpc. The inner boundary of the innermost shell is
always pined to rmin and the velocity is set to zero there.
For runs with radiative cooling, we include a careful treat-
ment of the gas shells that move too close to this innermost
trajectory (described in section 2.3.3).
2.1 Evolution of dark matter halos
We do not evolve the equation of motion for the dark matter
shells and simply approximate the increase in the gravita-
tional potential due to the growth of the halo using the fitted
average mass accretion histories proposed by van den Bosch
(2002). These authors use extended Press-Schechter formal-
ism (Press & Schechter 1974) to show that the average mass
accretion history follows a simple universal form for a wide
range of halos and cosmologies. They then follow the most
massive progenitor of the halos at the current redshift, back
in time, in the Millennium simulation (Springel et al. 2005)
and compare their analytical formulae with the mass accre-
tion histories derived for halos in the Millennium simulation.
2 In this paper we adopt the recipe that calculates the an-
alytical formulae.The mass accretion history or M200(t) is
evaluated using Eq. (A1) in the APPENDIX A of van den
Bosch (2002) in which we use the parameters (zf and ν) as
described in the same Appendix for ΛCDM cosmology.
Figure 1 shows the halo mass as function of redshift
in our halos. In order to evolve the halo masses with time,
we use the following cosmological parameters, ΩΛ = 0.75,
Ωm = 0.25 and σ8 = 0.9. The concentration parameter (c) is
modelled using Zhao et al. (2009), which takes into account
that the halo concentration is tightly correlated with the
time at which the main progenitor of a halo gains 4% of its
final mass. It can be written in the following form (Eq. 13
2 They find reasonable agreement and only mild inconsistencies
which could be easily interpreted as a consequence of ellipsoidal
collapse in the simulations as opposed to the assumption of spher-
ical collapse in the formalism.
0.0 0.2 0.4 0.6 0.8
log(1 + z)
−3
−2
−1
0
lo
g
(M
2
0
0
(z
)/
M
2
0
0
(z
=
0
))
5× 1011 M¯
5× 1012 M¯
5× 1013 M¯
5× 1014 M¯
Figure 1. The evolution of halo mass for our four different halos,
corresponding to the average mass accretion histories considered
with ΩΛ = 0.75, Ωm = 0.25. These profiles are very similar to the
profiles in Figure 5 of van den Bosch 2002, which correspond to
different values of the cosmological parameters ΩΛ and Ωm. Note
that the massive halos accrete more mass (even when normalized
to the halo mass) compared to the lower mass halos.
in Zhao et al. 2009):
c = 4
(
1 +
( t
3.75 t0.04
)8.4)1/8
, (1)
where t0.04 is the time when the main progenitor gained 4%
of its final mass. We use a gravitational acceleration due
to M200(t) of the following form (Navarro, Frenk & White
1996),
g(r, t) =
dφNFW
dr
(2)
=
GM200(t)
F (c(t,M200))
( ln(1 + r/rs(t))
r2
− 1
r(rs(t) + r)
)
,
where
F (c) = ln(1 + c) − c
1 + c
and
rs(t) = r200(t)/c(t) (3)
is the scale radius.
Thus the entire information of the dark matter is en-
capsulated in the expression of the gravitational acceleration
that becomes a function of time (or equivalently, redshift).
The inherent assumption is that within each hydrodynamic
step for evolving the gas, the dark matter comes to equilib-
rium instantaneously. We use the same gravitational accel-
eration beyond r200. However, Diemer & Kravtsov 2014 sug-
gest that dark matter density profile does not follow NFW
very far away from the halo.
2.1.1 Effects of discrete mergers
The modelling of violent, discrete merger events is beyond
the scope of this work. We have an average, smooth growth
due to cosmological infall as well as mergers. Figure 3 of
c© 0000 RAS, MNRAS 000, 000–000
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van den Bosch (2002) shows how the average behavior of the
halo is extracted from the growth history of individual halos
undergoing a number of mergers and this mean evolution is
what we use. Mergers have two important influences on the
halo: the dark matter mass increases rapidly; the gas and
the stars are redistributed. We do not include these effects
but these can be incorporated in the 2D/3D generalisations
of our model.
2.2 Initial conditions for gas
We start our runs at z = 6 where we initialize the gas within
the approximate virial radius, r200 (the mean density within
which is 200 times the critical density of the universe), to
be in hydrostatic equilibrium confined by the gravity due
to the dark matter halo. Outside r200 we use a parametric
density profile. This is the density profile that we set in the
outskirts of the halo so that the mass accreted within the
halo at each time can preserve the universal baryon fraction
for non-radiative evolution. This parametric profile may not
describe gas density profile outside the halo accurately but
serves as a reservoir of gas that falls onto the halo over the
entire range of redshifts. We will describe these two profiles
(within and outside the halo) in the next two subsections
(section 2.2.1 and 2.2.2). The general density profile can be
described as follows:
ρ(r) = ρHSE(r) r 6 r200 (4)
= ρO(r) r > r200, (5)
where ρHSE(r) is what we initialize inside r200 and ρO(r) is
the density profile that we set outside r200. The matching
condition for the density profile inside and outside initially
at z = 6, is
ρHSE(r200) = ρO(r200). (6)
We assume that initially the gas is isentropic through-
out. This assumption breaks down inside the halo after an
accretion shock is formed. With this initial density profile
for all the gas shells we calculate pressure (p), temperature
(T ) and energy density per unit mass (u) in the following
way:
p(r) = K0ρ(r)
γ , (7)
T (r) = p(r)/n(r)kB , (8)
u(r) = p(r)/(γ − 1)ρ(r), (9)
where γ = 5/3, kB is the Boltzmann constant,
n(r) = ρ(r)/µmp is the number density, K0 =
KfT kB/(µmp)(µemp)
γ−1 is an entropy index in which fT =
1.16× 107 is the conversion factor of temperature from keV
to kelvin(K). We have used the mean molecular weights,
µ = 0.62 and µe = 1.17. We use the self-similar scaling of
entropy K = C
(
M200(z=6)
M0
) 2
3
keV cm2, where C = 2 is a
normalization constant that we fix using the halo M13 that
has mass M0 at z = 6. This scaling is motivated by the X-
ray entropy K = TkeV/n
2/3
e , popularly used in the galaxy
cluster literature. The temperature of the IGM gas outside
r200 is much lower than the virial temperature because the
density set by ρO profile (see Figure 4) is also low. There-
fore, the gas falling onto the halo is supersonic and forms a
virial shock close to r200.
We have tested that the evolution of the gas is indepen-
dent of the exact temperature profile outside r200 (as long
as it is much smaller than the virial temperature). All the
shells (both inside and outside) have an initial Hubble-flow
velocity vi = H(z = 6) r as given in section 3.2 of Thoul
& Weinberg (1995) for the case of self-similar collapse of a
collisional, non-radiative gas.
2.2.1 Density inside r200: ρHSE
We calculate ρHSE assuming hydrostatic equilibrium inside
r200. Therefore, we solve the following equations,
dp
dr
= −ρg, (10)
p = nkBT, (11)
K =
TkeV
neγ−1
, (12)
where TkeV = T/fT , g is calculated from Eq. 2 at the time
t(z = 6) and all the other symbols are as described above. In
order to solve these equations we need to assume a bound-
ary condition for gas density at r200. Since r200 ∝ M2001/3,
the outer density for all the halos can be assumed to be
identical. We make sure here that the parameters K (as
discussed in the previous section) and density at r200, are
chosen such that the total amount of gas inside the halo
at z = 6 is close to the universal baryon fraction (within
around 10 − 15%; Figure 2). It is worth noting that this is
only the initial boundary condition and the density will vary
according to the hydrodynamic evolution for times t > tz=6.
The red curves in Figure 4 shows the initial number density
and temperature for halos M14 and M11.
2.2.2 Density outside r200 : ρO
For the initial outer (> r200) gas density profile, we use a
broken power-law. If density at r200 is denoted as ρr200 and
the density at 2r200 as ρ2r200 , the general form of the density
power-law is chosen to be
ρO(r) = ρr200
( r
r200
)−4
r200 < r 6 2r200,
ρO(r) = ρ2r200
( r
2r200
)−α
r > 2r200, (13)
where a different α is obtained for different halos (5th col-
umn in Table 1).
Note that, ρr200 = ρHSE(r200) by Eq. 6 and ρ2r200 =
ρO(2r200) for a given halo. The motivation for a power-law
density in the outskirts is primarily the simplicity of the form
and are obtained by trial and error. In order to fix α for a
given halo, we carry out a large number of non-radiative
test runs for a range of α. Such runs are computationally
inexpensive and hence very fast. This way we find the α for
which baryon fraction follows the universal value (≈ 0.17)
most of the time. Thus we obtain Figure 2.
As is clear from the values of α in the Table 1, for
M14 the slope of outer density profile is maximum (α = 0).
For smaller halos, the values of α increases slightly, making
outer densities falling very slowly at very large radii. This
is understandable because massive halos accrete faster than
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. The gas fractions (see section 2.2.2) within r200 at all
times for non-radiative evolution. After around 3 Gyr the devi-
ation from universal baryon fraction (0.17) is less than 10% and
after 5 Gyr it remains at the universal value. The initial dip in
the baryon fraction reflects a transient as the gas adjusts to a
self-similar profile.
lower mass halos (Figure 1). We also scan a range of values
for the most appropriate extreme outer trajectory (> 2r200)
initially, to make sure that by current time there are enough
number of shells to fall around the virial radius. The gas that
we distribute outside the halo, solely serves as a reservoir
from which the halo can accrete slowly with time. This outer
density profile is not observationally constrained.
2.2.3 Number of shells
For all the four halos we tested the non-radiative runs with
different number of shells. We set up the representative runs
shown in this paper with the number of shells stated in Table
1, such that the gas fraction (as discussed in section 2.2.2)
remains approximately unchanged with the increasing num-
ber of shells and the number of shells is also not so high that
the computation becomes expensive.
2.3 Evolution of gas
We solve the continuity, momentum and energy equations
for concentric gas shells and use the ideal gas equation of
state to relate pressure, density and temperature at each
time-step. We use the numerical scheme implemented by
Thoul & Weinberg (1995) (section 2.3), which is a standard,
second-order accurate (both in space and time), Lagrangian
finite-difference scheme, to solve the following hydrodynamic
equations for Lagrangian shells:
dm = 4pir2ρdr, (14)
dv
dt
= −4pir2 dp
dm
− g(r, t), (15)
du
dt
=
p
ρ2
dρ
dt
+
Γh − Λc
ρ
, (16)
p = (γ − 1)ρu, (17)
where p, ρ, u have usual meanings as described in section
2.2, v denotes velocity of the shells, dm is the mass in each
shell, Γh is the energy injection rate density into the gas
from a central source of heating (discussed in section 2.3.1),
Λc = nineΛ(n, T ) is the radiative cooling rate and Λ(n, T )
is the cooling function, the form of which we will specify in
section 2.3.1. For non-radiative runs in section 3.1, the cool-
ing and heating terms in eq. 16 are not included. For runs
with radiative cooling (and heating), these terms are treated
separately by the process of subcycling which is referred to
in the next section, section 2.3.1.The code time-step at each
time is determined by finding the minimum of the dynamical
time, Courant time and shell-crossing time calculated for all
the shells (as described in section 2.4 of Thoul & Weinberg
1995).
2.3.1 Radiative cooling
For runs with radiative cooling, we use an analytic fit to the
cooling function corresponding to zero metallicity (see blue
dotted line in Figure 1 and Eq. 6 from Wang et al. 2014).
We cool the gas using subcycling at every hydrodynamic
step. This means that at each hydrodynamic time-step, we
run a loop for N number of times where N = dt/dtcool,min
and dtcool,min is the minimum of the cooling times of all the
shells and update the internal energy (u) with the last term
in Eqn 16. This way the main time-step is not too short.
We combine the cooling and heating terms in which the lat-
ter is simply zero for pure radiative cooling runs. We use
a first-order explicit (semi-implicit) method to update the
specific energy of the gas shells in each cooling step if heat-
ing (cooling) dominates (Sharma, Parrish & Quataert 2010).
Cooling is turned on only inside r200 at each time, although
the shock radius may be larger than r200 at late times. The
gas outside the virial shock has quite low temperature in
this model and would not be affected by cooling in any case.
2.3.2 Heating prescription
For runs with feedback heating, we use an idealized Bondi-
Hoyle-Lyttleton (Bondi & Hoyle 1944, Hoyle & Lyttleton
1939, Bondi 1952) accretion rate to compute the heating
rate. This is an idealized treatment of heating and Bondi ac-
cretion rate is not necessarily the best estimate for black hole
accretion rate (Gaspari, Ruszkowski & Oh 2013, Prasad,
Sharma & Babul 2017). However, what is more relevant for
our purposes in this model, is the total energy injected by
feedback (as long as most of it couples to the CGM) instead
of the specific feedback prescription. The following equations
and parameters are used to implement heating.
M˙BHL =
4piG2M2BHρ
(c2s + v2)
3
2
,
M˙Edd =
4piGMBHmp
rσT c
,
E˙feed = fmin(M˙BHL, M˙Edd)c
2, (18)
where r = 0.1 is the radiative efficiency and f is the
feedback efficiency which we adjust to obtain the baryonic
properties of the halos. For calculating BHL rate we use
the density (ρ) and velocity (v) of the first active (i.e. non-
frozen; explained in the next section) shell and trajectory
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Figure 3. The trajectories of gas shells as a function of time (for clarity only a few trajectories are plotted for each halo) for all the
runs. Each column shows different evolution (non-radiative, only cooling, cooling+heating) for a single halo. Lower panels show the non-
radiative case, middle panels show the cases with only radiative cooling and the upper panels show the cases with cooling and heating.
The dashed red lines show the r200 that we can evaluate for the chosen mass accretion history. In the middle panels the halo mass (in
M) from the mass accretion history is shown in solid blue line as a function of time (the ticks on the rightmost panel corresponding to
M14 gives the scale).
respectively. The first active shell is just outside rmin. Note
that the feedback power is limited by the Eddington limit.
The total energy that is injected within an injection radius
Rf (which we take as a parameter; third last column in Ta-
ble 1 shows the values we use for Rf ) in time dt is E˙feeddt.
The energy injection rate per unit volume is chosen to be
constant, E˙feed/
4
3
piRf
3, in each shell within Rf . Also, for
different halos we have used different values of injection ra-
dius (Rf ) and efficiency (f ) to match the observed stellar
mass versus halo mass relation (values given in Table 1) as
discussed in the results (section 3.3).
2.3.3 Freezing of shells in radiative runs and floor
temperatures in runs with feedback
In the runs with only radiative cooling, shells come very
close in the central region and the hydrodynamic time-step
(dt ∝ dr) reduces to very small values for all the runs with
cooling (including the ones with feedback). In order to get
rid of this difficulty, whenever the first active shell has tem-
perature (T < Tthresh) where Tthresh = 2 × 104 K (for M14
and M13) and Tthresh = 1.8× 104 K (for M12 and M11) and
it reaches < 1.05rmin (1.05 kpc), we put them at rmin = 1
kpc and set their velocity to zero and no longer evolve them.
This way the exact value of the smallest hydrodynamic time-
step is typically 3 − 4 orders of magnitude less than tz=6.
For lower mass halos, the entire halo is cold at z = 6 and
there is no pressure support essentially at the beginning of
the run. The shells fall at free-fall rate. With this freezing
condition, we are further aiding the falling of shells. Hence it
is important to keep Tthresh low enough so that a large frac-
tion of halo gas is not artificially frozen and high enough so
that we can reduce the run-time significantly. So we reduce
Tthresh slightly in small halos, which have much lower virial
temperatures at z = 6, to be in the right regime. Similar
techniques have been used in 1D models to avoid very short
time-steps (Thoul & Weinberg 1995, Forcada-Miro & White
1997).
We have tested M11 with different Tthresh to gauge its
role. Reducing freezing temperature below what we use, will
enhance the run time and will change the total amount of
cold gas (≈ 104 K) by ∼ 10% and even less for massive
halos. It is worth noting that in our runs with both cooling
and feedback heating, which is the most realistic scenerio,
very few shells (typically < 10) are frozen and the effect
of freezing is completely negligible. Additionally, in order to
verify our freezing conditions quantitatively, we compare the
time-averaged hot gas content in the SAMs and the galaxy
cluster in our model (M14) and get a close match (discussed
in section 3.3.3).
In the runs with feedback, the low-density bub-
ble/cavity in the central region of the halo compresses shells
around it and this reduces the hydrodynamic time-step sig-
nificantly. These shells may cool out and come even closer
which is slightly controlled by keeping a floor temperature.
We set a floor cooling temperature for different halos, below
which we do not cool the shells (second last column in Table
1), only for the runs that include feedback heating.
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Figure 4. The evolution of number density (left) and temperature (right) for runs M14 and M11. The red lines show the initial conditions
as described in section 2.2. The blue, green and black lines show the profiles at later times. The IGM gas outside the virial radius has
very low temperatures at later times due to adiabatic expansion and the region close to the virial radius has the maximum temperature.
3 RESULTS
A summary of all the different initial parameters tested for
different halos is given in Table 1.
3.1 Non-radiative runs
The non-radiative runs reflect the effect of the growth of
dark matter halos on the inflow of gas, and an almost self-
similar evolution of the gas density profiles. A temperature
gradient develops over time within the halo, with a charac-
teristic non-isothermal profile.
The lower panel of Figure 3 shows the non-radiative
evolution of shell trajectories of all the halos we consider.
The shock radius moves out with time and the gas shells get
shock-heated and settle in almost parallel layers around half
the turn-around radius, after they join the halo, indicating
that the shells are close to hydrostatic equilibrium. At later
times the shock radii of all the halos are slightly greater than
the corresponding r200(t).
Figure 4 shows the time evolution of the number densi-
ties and temperatures of two representative small and large
halos for different times. The most massive halo, correspond-
ing to a cluster, contains hot gas the peak temperature of
which goes upto a few keV. The smallest halo show a lower
overall temperature which is consistent with a self-similar
evolution. The virial shock and the corresponding jump in
the halo temperature are distinctly seen in all our halos.
The temperature in M14 and M11 declines inward and
becomes flatter, respectively. The gas entropy profile in a
halo results from its assembly history and plays a key role
in setting the temperature of the gas (e.g see Eq. 1 and Fig-
ure 3 in McCourt, Quataert & Parrish 2013). Non-radiative
cosmological simulations of galaxy clusters show that the
temperature becomes flat toward the center and does not
quite fall as in our M14 run (e.g. Figure 1 in Nagai, Kravtsov
& Vikhlinin 2007). A comparison of non-radiative SPH and
grid-based cluster simulations show that the temperature
profile in the former (older SPH codes typically suppress
mixing) does not match with the latter (Figure 1 in Asca-
sibar et al. 2003). This highlights the importance of mixing
in a realistic cosmological assembly of galaxy clusters. Our
1D simulations do not explicitly account for fluid mixing and
therefore have temperature profiles that just reflect the mass
accretion history, and do not exactly match the cosmologi-
cal simulations. Our focus is on cooling and heating and this
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Table 1. A summary of the halo models and different initial conditions, cooling and heating parameters
Non-radiative parameters Cooling+heating parameters
Model Current halo mass Number of shells Initial outer α Shells frozen f Rf Cooling Seed black
(M200(z = 0)) shell radius at (K) (kpc) stopped hole mass
(M) (kpc) in runs at (K) in runs (M)
with cooling with heating
M14 5× 1014 180 901.0 0.0 2× 104 0.3 27 5× 104 108
M13 5× 1013 150 501.0 0.03 2× 104 0.08 18 4× 104 108
M12 5× 1012 135 271.0 0.24 1.8× 104 0.03 18 3× 104 105
M11 5× 1011 120 136.0 0.36 1.8× 104 0.005 12 2× 104 105
Notes: All the models are tested excluding/including radiative cooling and heating. The inner most radius (rmin) is fixed at 1.0 kpc
for all runs; we calculate the Bondi-Hoyle-Lyttleton accretion rate based on the active shell just outside this radius. The initial outer
shell radius is selected in the non-radiative runs such that almost all the shells join the halo by the end of the evolution.
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Figure 5. The evolution of the ratio of gas density to dark mat-
ter density (NFW) with radius at different times for M14 (upper
panel) and M11 (lower panel) under non-radiative conditions. The
red line shows the initial hydrostatic equilibrium and this clearly
does not follow the dark matter although the total gas to dark
matter mass ratio within r200 is around the universal value. Sub-
sequently, gas follows the dark matter within the halo at almost
all radii.
feature of non-radiative 1-D simulations will be profoundly
affected by these processes.
Figure 5 shows the ratio of gas density to dark mat-
ter density of M14 and M11 at different times. The radial
density profile of gas in hydrostatic equilibrium that we im-
pose initially at z = 6 is shown in red. At later times, how-
ever, inside the halo (within r200), the gas begins to follow
the dark matter gradually (except at small radii where the
gas profile forms a small core). This shows that the halo is
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Figure 6. The density power-law index as a function of normal-
ized radius for the biggest halo in our model (M14). The red line
corresponds to the initial condition. The halo evolves almost self-
similarly at late times irrespective of the initial condition. The
large negative power law index corresponds to the virial shock.
slowly accreting from the gas reservoir that we have initially
outside r200. Note that we do not impose any condition on
the gas fraction outside the halo in this model. In order to
analyse the baryon fraction far away from the halo, a more
accurate dark matter density profile should be used (Diemer
& Kravtsov 2014). Figure 6 shows the density gradient as
a function of radius in which the approximate self-similar
evolution is also quite evident. The important point to note
from these two figures is that the evolution at later times
is not dependent on the initial distribution of gas within
the halo and the redistribution of gas from the outer region
happens over time.
Now we move to more realistic runs, starting from runs
with cooling but no heating, and then to runs with both
cooling and feedback heating.
3.2 Runs with only cooling
The middle row of Figure 3 shows shell trajectories of all the
halos with radiative cooling as described in section 2.3.1. In
the smallest halo, which has a current mass of 5× 1011 M,
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Figure 7. Mass of cold gas within 40 kpc (solid lines) and total
gas mass within r200 (dashed lines) as functions of time for the
four halos with only radiative cooling. The smallest halo is almost
entirely cooling out in the absence of any central heating source.
In contrast, the bigger halos retain relatively more hot gas.
the virial shock does not form initially and the gas cools
out and falls directly to the center. This is the cold mode
accretion, known to be prominent in halos smaller than ap-
proximately 1011.5 M. Birnboim & Dekel (2003) shows that
the critical mass below which cold mode accretion dominates
is around 3 × 1011 M, irrespective of the redshift. We see
that in M11, by the time the shock becomes stable (around
6− 7 Gyrs), the mass of the halo is close to 1011 M, which
is slightly less than the critical mass for the stability of virial
shock. For bigger halos, the virial shock is stable at all times
and all the halo masses are & 1011 M almost from the be-
ginning (see the blue lines in the panels of the middle row
of 3). Note, however, that the inner shells are cooling and
piling up in the center. Consequently the central density is
very high.
For all our runs with only cooling, we define gas with
temperature is . 2 × 104 K (including “frozen” shells) to
be cold. In Figure 7 we compare the total cold gas mass
within 40 kpc(solid line) and the total gas mass within r200
(dashed line) in all the halos. In the biggest halo there is
a huge reservoir of hot gas and only the gas in the central
region of the halo cools out and falls to the center. In M11 a
large amount of gas cools out easily as the virial temperature
is lower than that in the bigger halos and cooling is more
efficient. This is consistent with galaxy formation models.
3.3 Runs with cooling & feedback heating
In these runs we inject energy as feedback into our halos
to prevent cooling flows. Feedback is triggered by the accu-
mulation of gas close to the inner radius, rmin. We use an
idealized Bondi-Hoyle-Lyttleton prescription (section 2.3.2)
for the accretion of gas. The seed black hole masses are given
in the last column of Table 1. The suppression of gas cool-
ing depends on the total feedback energy dumped in the
core (and its coupling with the gas), but not on the specific
mode (AGN or supernovae) of feedback. From energetic re-
quirement, however, we can estimate if supernova feedback
is sufficient or if AGN feedback is necessary.
3.3.1 Constraining feedback parameters from stellar
mass-halo mass relation
As an estimate of the stellar mass, we use the cold gas mass
within 40 kpc. It is important to note here that only a few
shells within 40 kpc are frozen and most are dynamically
active. This should be a good estimate of stellar mass, av-
eraged over several dynamical times, since cooling gas ulti-
mately forms stars. Our results do not change if we have a
slightly different radius than 40 kpc. Once we have an esti-
mate of the stellar mass, we can compare our simulations to
the abundance matching results.
In Figure 8, the underlying dashed red (z = 0) and
blue (z = 1) lines show the average stellar mass and halo
mass relation deduced from observational data and large
scale simulations (Moster et al. 2010). On top of those we
put circles from our runs, whose sizes correspond to the halo
masses. For each of the four halos, we take the cold gas mass
in the inner region (40 kpc) as a function of time and inter-
polate this to find the cold mass at a specific redshift. Thus
red circles and blue circles denote two different redshifts as
do the dashed red and blue lines from abundance matching
(z = 0 and z = 1 respectively). The opaque circles are de-
rived from pure radiative cooling runs. This gives an idea
of how much excess cooling happens for each halo in the
absence of central heating. Accordingly, we try out a range
of values for our two feedback parameters f and Rf (refer
to section 2.3.1 and Table 1) so that all the circles closely
follow the abundance matching results. Thus we select four
sets of parameters, f and Rf , for our four halos. The re-
sults for these runs are denoted by transparent red and blue
circles of same sizes as those of the purely radiative cooling
cases. Note that for the smallest halo, the cold gas mass has
to be reduced by 2 orders of magnitude while for clusters
by only a factor less than 10, which implies in the small
isolated halos cooling is relatively more efficient. However,
many small halos enter the ICM of massive halos and the
gas in them get stripped by the cluster gas. In such cases, a
strong feedback may not be important in such subhalos to
quench star formation.
Among the two parameters that we tune, f and Rf , the
former is relatively more important. Note that f is larger
for massive halos because a massive halo has a deeper po-
tential well in which it is difficult to drive out gas. This
parameter determines the total energy to be deposited in
the central regions which in turn would suppress the cool-
ing. On the other hand, Rf only tunes the distribution of
this energy. If we vary Rf slightly, the corresponding circles
in Figure 9 will move above or below to some extent as we
are looking at a particular instant of time. However, in the
time-averaged sense, the gas evolution will be quite similar
and baryon fraction cycles (discussed in the next section)
will be shifted slightly across small intervals of time. Rf will
have a significant effect when Rf is very large. The total en-
ergy gets distributed over a large volume, without forming
any shock and hence the feedback does not affect the cooling
flow.
These four selected runs, for which we adjust the pa-
rameters to match the abundance matching results, are con-
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Figure 9. The trajectories of the fiducial feedback runs of M11 and M14 in the central region. Half of the current r200 is marked by the
blue line. The entire radial extent is upto r200(z = 0). The smallest halo (left) shows a brief rapid accretion phase initially, which grows
the black hole significantly and generates a huge feedback event. It is evacuated for most times thereafter while the biggest halo retains
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Figure 10. The gas/baryon fraction of each halo within r200 for
the fiducial cases, with radiative cooling and feedback parameters
adjusted to reproduce the stellar mass versus halo mass relation
(see Figure 8). The smallest halo is almost evacuated for the entire
time and missing a large fraction of baryons due to feedback while
the largest halo mostly maintains its gas content with several
cycles of heating and cooling. Note that the initial dip within 1
Gyr and 2 Gyr reflects the short readjustment time the halo takes
before maintaining the universal baryon fraction in non-radiative
runs (see also, Figure 2).
sidered the fiducial runs and the corresponding trajectories
are shown in the upper panel of Figure 3. The smallest halo
is completely evacuated by an early feedback event which
can also be seen in the left panel of Figure 9. There is an
inward flow of gas at the very beginning which triggered the
growth of the black hole according to our simple prescrip-
tion. Figure 9 shows the inner r200(z = 0) of the halo and
0.5r200(z = 0) is marked by the blue lines. The gas shells
that are thrown out, are very slowly re-accreted back into
the halo and there are no significant bursts after that till
the current time. For M12, there is a similar burst at the
beginning, but the recovery is faster. For M14 (and M13)
there are a few significant bursts over the entire timespan.
The right panel of Figure 9 shows the inner r200(z = 0) of
the biggest halo, M14. In this case, the halo is not much
evacuated because the gravitational potential of the clusters
are deeper.
Hereafter, we investigate some of the key characteris-
tics of our fiducial halos with radiative cooling and feedback
heating.
3.3.2 Baryon fraction evolution
We define the baryon fraction as the ratio of gas mass and
the dark matter mass within r200 (M200). Recall that, we
choose the initial density profile outside the halo such that
the gas fraction follows the universal value after an initial
transient for non-radiative evolution (Figure 2). Our fiducial
feedback runs show deviations from the universal value and
feedback may explain why baryons are often observed to
be missing from smaller halos. Figure 10 shows the baryon
fraction evolution for our fiducial runs. For the smallest halo,
there is a large accretion event at the beginning which grows
the black hole and sudden heating easily throws away most
of the gas out of the halo. These gas shells take a long time to
re-enter the halo and move back towards the bottom of the
potential well. For most of the time the halo lacks more than
50% of the baryons. For the next massive halo M12, the gas
is not thrown far out of r200. Consequently, around 7 Gyr,
we find the baryon fraction rising sharply. Thereafter small
cycles of cooling and heating follow. In M13 and M14 the
cycles are progressively more frequent. Particularly for M14,
only 50% of baryons are missing for a brief period around
5 Gyr and the halo maintains its gas content thereafter. For
Milky-Way sized galaxies (our M12 is closest to Milky Way
in mass) there have been extensive discussions on whether
the missing baryons are available between the virial radius
and turnaround radius (Bregman et al. 2018, Anderson &
Bregman 2010). Galaxy clusters, on the other hand, have
been observed to contain the highest baryon content (Ettori
2003).
Schaan et al. 2016 discuss the baryon content of clus-
ters and groups by combining data from Atacama Cosmol-
ogy Telescope and “Constant Mass” CMASS galaxy sample
from the Baryon Oscillation Spectroscopic survey to mea-
sure the kinetic SZ signal of the halos over the redshift range
0.4− 0.7. They consider the kSZ signal obtained relative to
the expected kSZ signal to be a proxy for the average baryon
content. In our model, M14 and M13 which have masses in
the range of galaxy clusters and groups at current redshift
respectively, show slightly more baryon content than what
is predicted by them, around z = 0.5, in the central regions.
Note that these observations have several uncertainties and
the proxy of the baryon fraction is only proportional to the
free electron fraction ffree. In our halos, the baryon frac-
tion in the outskirts of the halo, roughly follows the univer-
sal value around that time. At smaller radii where cavity is
blown out by the feedback, the average baryon fraction falls
to around half the universal value.
3.3.3 Radial profiles of clusters
We use our model to compare the radial profiles from M14
and observations available from the Chandra clusters and re-
cent Sunyaev-Zel’dovich-selected Chandra clusters (McDon-
ald et al. 2017).
Figure 11 (left panel) shows the time-averaged den-
sity profiles for different cases, within a redshift range z =
1.2 − 1.9. The red line shows the density profile for pure
non-radiative evolution. In the outskirts of the halo, this
line coincides with the hot gas profile calculated from the
SAM (cyan dashed line) which assumes isothermal gas with
ρ ∝ r−2 in the halos. The match at large radii is expected
with the same mass accretion history. However, in the cen-
tral region, the SAM isothermal profile (that subtracts the
gas cooling out) does not accurately trace out the observed
gas distribution. The case with pure cooling flow (in yellow)
shows a very large density in the central region, as expected.
However, if we compute the time-averaged (between z = 1.2
and z = 1.9) hot gas content in SAM (using same mass ac-
cretion history and cooling prescription) and our model with
pure radiative cooling (that is, time-averaged after subtract-
ing the mass of gas below 2 × 104 K at each time), we see
that the amount of hot gas is comparable, 6.84 × 1012 M
c© 0000 RAS, MNRAS 000, 000–000
12 P. P. Choudhury, G. Kauffmann, P. Sharma
and 6.06× 1012 M respectively. The orange line shows the
fiducial case with radiative cooling and feedback heating. It
almost coincides with the average density profile obtained
from observations of 8 clusters (of different masses and red-
shifts), within z = 1.2 − 1.9, except for tiny wiggles. The
fiducial run also shows that some gas cools and falls to the
center ( and gets frozen according to our prescription), with
a peak density at 0.001 Mpc.
The right panel of Figure 11 shows the comparison
of the time-averaged temperature profiles for M14 within
z = 0.05 − 0.15 with those of the clusters at redshifts
z = 0.1, 0.14, 0.11. The radial profile of Abell 1446 at z = 0.1
coincides with those of M14 within the radial range of
0.01 Mpc to 0.1 Mpc. However, the profile corresponding
to the non-radiative run, has lower temperatures near the
center. The fiducial heating run of M14 has a temperature
profile that varies around that of Abell 1446. The SAM tem-
perature profile falls almost on top of Abell 1446. The two
clusters on the higher side of this redshift range, have around
twice the temperature of Abell 1446 and M14. The fiducial
case also shows drastic temperature changes in the central
core because of the shock-heated shells and rapid cooling of
the compressed shells around the cavity. In the 3D exten-
sion of this model, the temperature will be shell averaged
and hence will be smoother because of the presence of mul-
tiphase (both cold and hot) gas in the same shell (Prasad,
Sharma & Babul 2015, Choudhury & Sharma 2016, Fielding
et al. 2017). The physics of the cooling blobs rather than the
monolithic collapse of the entire shell, is missing in our 1D
runs. The cavity temperature is as high as 10 keV. But our
temperature profiles approximately reproduce the observa-
tions particularly in the outskirts of the halo. Hot gas profiles
of density and temperature could be better compared with
our future multidimensional simulations.
3.3.4 Qualitative changes in the equation of state
One of the useful ways to understand the pressure and den-
sity profiles for galaxy clusters is to relate these by a known
equation of state of the medium. The assumption of an EoS
is helpful to construct the gas profiles once the global SZ
signal or the total X-ray luminosity is obtained.
We try to see the qualitative changes in the equa-
tion of state of the gas in the ICM (M14); specifically how
Γ(≡ d ln p/d ln ρ) changes for the gas that has fallen into the
dark matter halos. Figure 12 (left column) shows the profiles
of the best fitted Γ for the pure non-radiative evolution of
M14. The initial index is 5/3, which is clearly seen by the
slope of the red line (at z = 6) and that of the lines outside
the shock. As the gas gets shock-heated, the index falls to
around 1.0 in the non-radiative case and around 1.1 in the
cooling+heating case. The pressure-density relation remain
invariant (fall almost along the dashed line fitted) except
in the core in the cooling+heating case. Figure 12 (right
column) shows qualitatively the flattening of the pressure-
density relation at higher densities for evolution with cool-
ing+heating. Radiative cooling and feedback heating alter
the self-similarity in the central cores of dark matter halos.
A simple theoretical model of ICM, that matches with
hydrodynamic simulations, has found the polytropic index
to be 1.15 (Ostriker, Bode & Babul 2005) except inside the
rapid cooling zone, while X-ray observations have found the
index to be around 1.2 (Solanes et al. 2005). This agrees with
our results. Recently Flender, Nagai & McDonald 2017 de-
scribe the ICM at z = 0 by a broken power-law for pressure-
density relation. The cooling break is seen around ρ500c, be-
low which the index falls to around & 0.1 (varying system-
atically with redshift) inside the core. By construction, in
1D the entire shell cools out or gets heated. Hence there is
a large scatter in the pressure density relation in the core in
our current model.
3.3.5 Growth of black holes
In our model we constrain the cold gas formation within
40 kpc at z = 1 and z = 0 by adjusting feedback parame-
ters. The assumption of spherical Bondi accretion (Edding-
ton limited) gives a crude estimate of the accretion rate.
With this accretion rate, we can also get an estimate of
the approximate growth of black hole, starting from a seed.
It must be noted that the multidimensional version of our
model, with jet inflated cavities along a specific direction,
will give a more accurate picture and a smoother growth of
the black hole. Additionally, small halos (satellite galaxies),
which are bound to a massive halo, will have a different evo-
lution and growth of central black hole due to the active role
of physical processes like gas stripping, tidal stripping, etc.
In our model, the small halos M11 and M12 show a brief
growth of black hole at around the Eddington rate, quite
early in time. Thereafter, they do not have any significant
growth. In Willott et al. (2010), the authors present the
data for quasars around z = 6 from Canada-France High-
z Quasar Survey (CFHQS). They find that most quasars
are accreting at close to the Eddington rate, which gives
an exponential growth. Earlier works, like Yu & Tremaine
2002, emphasize that many of the massive black holes grow
mostly in the bright QSO-phases.
Figure 13 shows the black hole mass (solid lines) and
the cold gas mass within 40 kpc for different times in the
current group and cluster scale halos of our model. This
shows a similar average evolution for group and cluster. Ad-
ditionally, this plot also reflects that most of the stellar mass
accumulates at early times (. 4 Gyr) and at late times sep-
arated by ≈ 5 Gyr quiescence period, which is in agreement
with Mart´ın-Navarro et al. 2018. However, for clusters with
observed cavities, Rafferty et al. 2006 argue that the black
hole grows at a rate which is roughly 3 orders of magnitude
less than the star formation rate at very low redshifts. Our
black holes grow at a higher average rate because of the
unrealistic 1D assumption.
It is interesting to note that for the biggest halo (M14)
which grows to cluster scale by the current time, the black
hole mass goes upto . 1010 M, which is high compared
to what is observed in clusters. This can be partly an arte-
fact of the fact that other sources of heating like thermal
conduction, falling galaxies, turbulence, dark matter sub-
halos, etc. are not taken into account. Moreover, Hlavacek-
Larrondo et al. (2012) show the possibility of ultramassive
black holes in brightest cluster galaxies with masses around
a few times 1010 M. For halo masses of around ≈ 1012 M,
black hole masses greater than ≈ 109 M have not been de-
tected by current observations (La¨sker et al. 2016). In our
model, the final black hole mass for M12 (with current mass
5× 1012 M) is also & 109 M (see Table 3).
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Figure 11. Left panel: Comparison of the time-averaged electron number density profiles for different evolution of the cluster run
(M14). The observation data, which is averaged for 8 different clusters in the redshift range 1.2 and 1.9, is shifted along x-axis (by 0.3
Mpc inwards to match the shock location). These are obtained from the X-ray data of the SZ selected clusters described in McDonald
et al. 2017. Right panel: The time-averaged (z = 0.05 − 0.15) temperature profiles of M14 compared to the temperature profiles of the
Chandra clusters at redshifts z = 0.1, 0.14, 0.11. For both the density and temperature profiles, the dashed cyan lines show the profiles
corresponding to an isothermal gas profile used in SAMs. It is useful to note that the SAM density is only for the hot gas while our runs
have contribution from both hot and cold gas. Although the SAM density (subtracting the cold gas mass) is higher in the center, the
mass in the hot ICM is comparable to what we have in our runs with pure radiative cooling (discussed in section 3.3.3).
Table 2. Parameters of the fitted lines for the EoS in M14 at z = 0 as log10(p) = a+ Γlog10(ρ)
Non-radiative parameters Cooling+Heating parameters
Virial shock a Γfit Virial shock Cooling break a Γfit
Outside 31.43 1.67 Outside Outside 31.72 1.68
Inside 13.73 0.93 Inside Outside 18.87 1.11
Inside Inside 4.7 0.58
Notes: The fitted lines are shown in black in the upper two panels of Figure 12. The values of a (the intercept) obtained from these
lines are used to compute Γ shown in the lower panels. The fitted values of Γ (Γfit) are in this table, which are the slopes of the dashed
black lines.
3.3.6 Plausible sources of feedback
For the behavior of gas at large scale, feedback power is more
important than the specific feedback implementation/mode
– whether it is driven by black hole accretion or supernovae.
Keeping that in mind, our model constrains the average
feedback power, so as to reproduce the stellar-mass and
halo-mass relation at lower redshifts. However, the energy
requirement can hint on the feedback mode applicable for a
given halo. In order to estimate the typical supernova power,
we first consider the cold gas mass within 40 kpc as a proxy
for the stellar mass. Then we use the Kroupa IMF (using Eq.
2 of Kroupa 2001) to estimate the number of stars with mass
> 8 M (which explode as supernova) formed at each time,
per unit time. Each supernova injects 1051 ergs of energy
in to the halo, in the central region. Therefore the average
supernova power can be estimated by
∆ESN
∆t
= 1051
∆NSN
∆t
(erg s−1). (19)
Table 3 shows the feedback power (calculated from av-
erage growth of black hole as f [∆MBH/∆t]c
2 where ∆t =
accumulation duration) and the supernova power estimate
(as calculated above) by considering the entire time between
z = 6 and z = 0. The time-averaged supernova power is
more than 2 orders of magnitude less than the average feed-
back power required for all the halos. It is well known for
clusters at low-redshifts that cooling flows cannot be pre-
vented by feedback from supernovae only. Hence the re-
quirement of AGN feedback is expected for clusters. The
predicted feedback powers from observations of X-ray cavi-
ties can be as high as ≈ 1046 ergs−1 (Bˆırzan et al. 2008).
The feedback powers for M13 and M12 are comparable
in our model. Initially the seed black hole mass is higher in
M13 and M12 accretes rapidly in the first 1− 2 Gyr. In con-
trast,M13 shows a gentler evolution. Large cavities in groups
and galaxies are known to have X-ray luminosities ranging
over 7 orders of magnitude between 1038 to 1045 ergs−1 (dis-
cussed in McNamara & Nulsen 2012). There have been only
a few observations of elliptical galaxies for X-ray cavities
and these observations suggest that the AGN-inflated cavity
c© 0000 RAS, MNRAS 000, 000–000
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Figure 12. The pressure-density relation in cluster run (M14) for pure non-radiative cases (left) and with cooling and heating (right) in
M14. The dashed black lines are straight lines fitted (log10(p) = a+ Γfitlog10(ρ)) to different regimes: outside the virial shock, inside the
virial shock and inside the rapid cooling zone (for the case with cooling+heating). The parameters of the fitted lines are shown in Table
2. The straight lines imply that gas roughly follows the EoS p ∝ ρ1.67 outside the virial shock, as set initially, the EoS p ∝ ρ1.1 inside
the virial shock but outside the rapid cooling zone, and approximately p ∝ ρ0.6 inside cooling zone. Lower panel shows the predicted
values of Γ at z = 0 from our runs using the fitted parameter a from the dashed lines.
Table 3. Comparison of time-averaged power for different halos
Halo Time-averaged feedback power Time-averaged SN power Final black hole
(Current mass in M) (erg s−1) (erg s−1) mass (M)
M14(5× 1014) 1.2× 1046 6.2× 1043 8.9× 109
M13(5× 1013) 6.2× 1044 7.8× 1042 1.8× 109
M12(5× 1012) 6.8× 1044 5.5× 1042 5.0× 109
M11(5× 1011) 4.8× 1043 1.7× 1041 2.1× 109
Notes: The time-averaged supernova power is estimated with a Kroupa IMF (using Eq. 2 of Kroupa 2001) in which the cold gas mass
within 40 kpc is used as a proxy for the stellar mass.
powers can reach up to > 1043 ergs−1 (Nulsen et al. 2009).
On the other hand, in the three-dimensional hydrodynamic
simulations of a giant elliptical galaxy by Gaspari, Brighenti
& Temi 2012 the instantaneous mechanical jet power can be
& 1044 ergs−1. Hence, the average feedback energy require-
ment in our halos seem to be clearly on the higher side.
3.3.7 Why feedback power is large?
Compared to the observed jet powers, we have higher feed-
back power in our cluster run. In fact, the feedback power is
very high even in the smallest halo. This may be partly be-
cause many of the smallest halos in the universe are within
a cluster/group and the ICM strips significant amount of
gas from them. This effect is definitely not captured in our
model of isolated galaxies.
Observations suggest that feedback in cool cluster cores
should efficiently compensate for radiative losses without de-
stroying the dense cores. However, if we deposit thermal
energy isotropically at the center in a small volume, a low-
density bubble enclosed by a dense shell is formed. In fact,
the dense shell (in which most of the core mass is swept
up) can cool very efficiently and enhance cooling losses with
such a feedback (e.g., see the top-left panel in Figure 8 of
Meece, Voit & O’Shea 2017). This dense shell is pushed out
by a wind and most of the injected feedback energy goes
into moving it against the gravity of the halo, rather than
simply balancing cooling losses (e.g., see the left panel of Fig-
ure 9 at 2.5 Gyr). Star formation in our model can only be
suppressed if this cold dense shell is moved beyond 40 kpc.
Adiabatic expansion of the gas may require a large fraction
of the feedback energy to be used up in the PdV work done
in lifting up the gas from a deep potential well (see also,
APPENDIX C of McCarthy et al. 2008).
Observations show that the cluster cores are not isotrop-
ically evacuated, and anisotropic injection of energy via ki-
c© 0000 RAS, MNRAS 000, 000–000
A simple model for gas in CGM and ICM 15
2.5 5.0 7.5 10.0 12.5
time (Gyr)
108
109
1010
1011
1012
1013
B
H
m
a
ss
(s
o
li
d
)/
st
e
ll
a
r
m
a
ss
(d
a
sh
e
d
)
(M
¯)
Fiducial : M14 R = 27 kpc, ²f = 0.3
Fiducial : M13 R = 18 kpc, ²f = 0.08
Figure 13. The black hole mass as computed from the Eddington
limited mass accretion rate in our idealized spherical Bondi model
(solid lines) and the cold mass within 40 kpc (which is a proxy for
an average stellar mass in our model; dashed lines) as functions of
time. The discrete growth of black hole mass will be smoothed out
in a multidimensional model with feedback inflated hot cavities
in specific directions.
netic jets with small opening angles is more successful. With
anisotropic injection most of the energy seems to go in bal-
ancing core cooling (and hence maintaining a reasonable
feedback power) rather than uplifting most of the gas in
the core (which takes up much larger mechanical power). In
our 1D simulations we are lifting up all the gas in the center
and hence the feedback energy required is larger than in the
observed clusters.
4 DISCUSSION
We propose a very simple, generalized 1D model for gas in
dark matter halos in which the cosmological growth of the
halos and accretion of baryons are taken into account on an
average. We incorporate idealized models for radiative cool-
ing and feedback heating to quantify the energy budget char-
acteristic of each halo (satisfying the abundance matching
relation between stellar mass and halo mass). We extend the
existing 1D models (Perrenod 1978, Knight & Ponman 1997)
and emphasize the importance of central energy source, by
adding realistic amount of feedback heating proportional to
the spherical accretion rate. This enables us to compare the
temporally varying state variables of the medium as well as
the time-integrated quantities with those of existing models
and observations and test the validity of the model which
grows halos smoothly over cosmological times.
The thermodynamics of the gas in clusters and groups
is interesting to study, particularly with the advent of future
galaxy redshift surveys and the measurement of the kinetic
and thermal Sunyaev-Zel’dovich signal (Lim et al. 2017,
Park, Alvarez & Bond 2018, Schaan et al. 2016) combined
with the existing X-ray observations. In order to test a large
number of ICM models and reasonable parametric profiles
to compare with new observations, simple semi-analytical
models (Flender, Nagai & McDonald 2017 ) are preferred
over large scale hydrodynamic simulations. However, our 1D
model, with hydrodynamic evolution of baryons, is compu-
tationally less expensive. Moreover, this model can be easily
extended to multidimensional simulations of gas in halos
without directly evolving dark matter particles. Thus great
simplification can be achieved without entirely losing the
physics of cosmological accretion of baryons and dark mat-
ter.
Following are the important conclusions from our 1D
model:
• We see the cosmological infall of gas, starting from a
small initial halo, undergoing virial shock at radius slightly
greater than r200, which is fixed by the mass accretion his-
tory. But the virial radius is roughly half of the turnaround
radius of the falling gas shells. Using a simple profile for
the gas reservoir outside the halo, we can ascertain that
the average baryon fraction within the halo, in absence of
cooling and feedback, is close to the universal value. This
provides an attractive setup for multi-dimensional simula-
tions in which the outer boundary is much further out than
the virial radius.
• For pure radiative cooling, cold mode accretion may
dominate for very small halos (. 1011 M). This halo mass
is a few times smaller than in Birnboim & Dekel (2003).
So our model incorporates both hot and cold mode accre-
tion in appropriate conditions. In the smallest halo, the gas
cools out and loses pressure support fast in the absence of
central heating and this often raises the baryon fraction be-
yond the universal value. On the contrary, the biggest halo
retains enough hot gas even in the absence of feedback. This
causes it to maintain the universal baryon fraction as the
outskirts are hot and pressure-supported while only the gas
in the central region cools and falls to the center. The cos-
mological accretion rate in the cluster-scale halos is high and
a large amount of shock-heated gas continuously joins the
halo. However, we revert to the 2D/3D generalisation for
studying the detailed physics and survival of cold streams
joining the halo in cold-mode.
• We tune our feedback (modelled as Bondi-Hoyle-
Lyttleton accretion) parameters to obtain a stellar mass-
halo mass relation consistent with abundance matching (
Moster et al. 2010). We use the total cold gas mass within
the central 40 kpc as a proxy for the stellar mass. These
fiducial runs including cooling and feedback provide realistic
estimates of the energy budget in each halo. These fiducial
runs lead to the following inferences:
– The baryon fraction evolution of all the halos show
signatures commonly predicted; e.g., smaller halos have
majority of baryons missing due to the ejection by feed-
back and the biggest halos maintain the baryons by in-
termittent cooling and heating cycles (Prasad, Sharma &
Babul 2015). In the former case, the cycles are delayed as
it takes a long time for the gas to be recycled, while on
cluster scales, the feedback-heated gas remains inside the
halo and moves to the center quite fast.
– The time-averaged density profile for our cluster-
scale halos match well with Chandra clusters and recent
Sunyaev-Zel’dovich-selected clusters followed-up in X-rays
(McDonald et al. 2017, Figure 11). Note that, we are only
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concerned with the average number density profiles in this
work. The feedback efficiencies and the mass accretion
history can be tweaked to study different kinds of cluster
profiles (cool-core properties). We will revert to this in our
future multidimensional version of the model. The inter-
play of local thermal instability and gravity, which gives
the important parameter tcool/tff , can also be modelled
only in more than one dimensions (Choudhury & Sharma
2016).
– A flattening of the equation of state (or broken power-
law as discussed in Flender, Nagai & McDonald 2017 ) is
seen in all the halos that include cooling and heating.
Inside the virial shock, Γ (where p ∝ ρΓ) is around 1.1
while in the core it falls down to around ≈ 0.4− 0.6.
– We use a crude estimate of the black hole mass from
the idealized Bondi accretion rate (Eddington limited).
We see that in groups and clusters the black holes, with
a reasonably high seed mass at z = 6, grow significantly
till only around z = 2.
– The supernova power estimated from Kroupa IMF
and our simple estimate of the star formation rate, suggest
that AGN feedback is relevant for all the halos and abso-
lutely necessary for clusters.The average feedback power
(≈ 1046) in M14 is comparable to the highest powers ob-
served for many cooling clusters with X-ray cavities and
radio lobes. This implies for all our halos, the feedback
powers are overestimated. We conclude that in 1D mod-
els, a large fraction of the thermal energy gets used up
in uplifting the gas. In multidimensional version of our
model, AGN jets will uplift gas in its wake, along a spe-
cific direction, and the central gas shells are not entirely
ejected like in our 1D model.
However, the general properties of this simple model
are consistent with observations and other existing mod-
els. It will be extremely efficient and reasonably accurate to
survey the physical parameter space using this model in 3D,
incorporating smooth cosmological accretion, radiative cool-
ing and feedback heating self-consistently. This may provide
an ideal testbed to study the average evolution of the diffuse
gas of the CGM, particularly at large radii and outskirts of
the halos, which are now observable by current spectroscopic
surveys.
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